A variety of treatment strategies have been developed for clear cell kidney carcinoma (KIRC); however, there is still a need for effective therapeutic targets and prognostic molecular biomarkers. Given that long noncoding RNAs (lncRNAs) has been emerging as an important regulator in tumorigenesis, we explored potential functional lncRNAs in KIRC by comprehensively analyzing the lncRNA-miRNA-mRNA regulatory network with bioinformatics processing tools.
Background
Renal cancer, which ranks the top 10 most frequent cancer in humans, is a matter of great public health concern in the world. In the United States, the estimated new cases and deaths of renal cancer in both genders will be 65 349 and 14 970 in 2018, respectively [1] . Being the most common subtype, clear cell kidney carcinoma (KIRC) accounts for about 75% of all renal cancers. Histologically, the KIRC cells have clear cytoplasm with nested clusters of cells surrounded by a delicate vascular network [2, 3] . Currently, multiple clinical managements, including surgery and radiation therapy, are available for patients with KIRC in an early stage; the 5-year survival rate after diagnosis has shown some improvement in recent years. However, the overall prognosis remains poor especially for patients with advanced disease, mostly due to lacking more effective therapeutics [4] . Thus, a more comprehensive understanding of the underlyingly molecular mechanism of KIRC is in urgent need for further development of novel treatment strategy against this disease.
In addition to oncoprotein as tumor suppressor, non-protein coding RNAs such as microRNAs (miRNAs) and long noncoding RNAs (lncRNAs) are emerging as important regulators in tumor biology. Actually, the detection of extensive RNAs transcribed from non-protein coding regions of the genome is one of the most inconceivable findings of the genomics era of biology [5, 6] . The lncRNAs, functionally defined as an RNA transcript longer than 200 nucleotides in length that cannot be translated into a protein, widely exist in metazoans including humans [7] . In general, the exons of lncRNAs are more divergent compared with their promoters. In addition, lncRNAs are less evolutionarily conserved compared to protein-coding genes. During the past decade, thousands of lncRNAs have been identified, and many of which have been shown to be uniquely expressed at specific times in different tissues or specific cancer types, however, most of them have not been functionally characterized [8] [9] [10] . Fortunately, with the rapid progress of technologies, such as high-throughput RNA sequencing, it has becoming more feasible to unravel the precise function of lncRNAs in tumor biology [11] .
Recent studies suggested that lncRNAs might be involved in epigenetic regulation of the expression of proteins and play an integral part in a series of physiological and pathological processes such as tumorigenesis of various human cancers [12, 13] . According to the competing endogenous RNA (ceRNA) hypothesis, lncRNAs, mRNAs (messenger RNAs), and other RNAs, all of which serve as natural miRNA sponges to restrain the function of intracellular miRNA via sharing one or more miRNA response elements (MREs) [14] . This hypothesis has been verified by accumulated experimental evidence, and the critical roles of lncRNAs have been identified gradually [15] [16] [17] [18] .
The Cancer Genome Atlas (TCGA), a publicly available database with information of the clinical pathology of 11 000 patients with over 30 cancers, has help to improve the diagnostic accuracy and the effectiveness of treatment in a wide range of human malignant diseases [19] . These immense data provide an ideal opportunity for investigators to comprehensively explore the molecular mechanisms of tumorigenesis of various cancers as well as identify novel therapeutic targets and prognostic molecular markers. In an attempt to unravel the lncRNAmiRNA-mRNA regulatory network in KIRC, the RNA-seq/miRNAseq data from 530 KIRC cases in TCGA were downloaded and subjected to comprehensive analysis with bioinformatics tools. Our study reconstructed a global lncRNA-miRNA-mRNA ceRNA network in KIRC. Moreover, relevant survival and location analyses of lncRNAs were performed to determine the potential therapeutic targets or candidate prognostic biomarkers in KIRC. The verification of their exact biological function awaits further investigation.
Material and Methods

Collection of raw TCGA data
The RNA-seq/miRNA-seq data and clinical information were downloaded from GDC Data Portal (https://portal.gdc.cancer.gov/) for comprehensive integrated analysis with Data Transfer Tool (provided by GDC Apps) according to the published guidelines provided by TCGA (http://cancergenome.nih. gov/publications/publicationguidelines). All TCGA data are now available without restrictions on their use in publications or presentations according to the posted statement from the TCGA website. The TCGA website lists "clear cell kidney carcinoma (KIRC)" as a cancer in the database with "no restrictions; all data available without limitations". Further analysis was approved by the Ethics Committee of Fuzhou Dongfang Hospital, Xiamen University.
Exploring of differentially expressed lncRNAs (DElncRNAs), DEmiRNAs, and DEmRNAs in KIRC
The KIRC RNA-Seq data were derived from 539 KIRC samples and 72 matched normal samples of 530 cases for analysis of mRNAs and lncRNAs. Simultaneously, the miRNA-seq data of 545 KIRC samples and 71 matched normal samples of 516 cases were obtained for analysis of miRNAs. Meanwhile, expression data closing to zero were excluded and data from tumor samples and normal samples were merged. To explore the DEmRNAs, DEmiRNAs, and DElncRNAs, we used R software (https://www.r-project.org/) with the "edgeR" package to compare the KIRC with the normal samples. The adjust P-values were used to reduce the false-positive rate using Benjamini-Hochberg (false discovery rate) method by default.
The threshold was set as |log2 (fold change [FC]) | >1.0 and adjusted P-value <0.01.
Correlation analysis of lncRNAs, miRNAs, and mRNAs and construction of lncRNA-miRNA-mRNA network Perl software (https://www.perl.org/) was used to explore the DEmiRNAs interacting with DElncRNAs in the mircode database (http://www.mircode.org/). The obtained DEmiRNAs were standardized in the starBase database (http://starbase.sysu.edu.cn/), while their target genes were found in 3 databases of miRNAs (miRDB_http://www.mirdb.org/, miRTarBase_http://mirtarbase. mbc.nctu.edu.tw/php/index.php, and TargetScan_http://www. targetscan.org/vert_71/) using Perl software with the criteria that each target gene appears at least in 2 different databases. Nonconforming target genes were excluded. Predicted target genes of miRNAs were intersected with DEmRNAs by "VennDiagrams" package in R software. Then, the lncRNAmiRNA-mRNA network was reconstructed based on the ceRNA theory as follows: 1) for a given co-expressed lncRNA-mRNA pair, both mRNA and lncRNA in this pair were targeted by and co-expressed inversely with a certain common miRNA, and this lncRNA-miRNA-mRNA was identified as the co-expression competing triplet.
2) The lncRNA-miRNA-mRNA network was reconstructed by assembling all identified co-expression competing triplets and was visualized using Cytoscape software (http://www.cytoscape.org/).
Functional enrichment analysis
To interactively analyze the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) pathways of the DEmRNAs in the network, the plug-in ClueGo in Cytoscape was conducted and the P value <0.05 was set as the screening condition. Gene Ontology (GO, http://www.geneontology.org) function enrichment analysis was performed based on GO database in FunRich (http://www.funrich.org/) with 3 main categories including molecular function (MF), biological process (BP), and cellular component (CC).
Survival analysis
To reveal the potential prognostic miRNAs and lncRNAs biomarker, the KIRC patients' clinical data from TCGA were downloaded and the Kaplan-Meier method survival analysis of DEmiRNAs and DElncRNAs in the network was carried out using R software with "survival" package with a threshold of P-value <0.05.
Reconstruction of the lncRNA-miRNA-mRNA subnetwork
The lncRNAs' location information was searched in lncATLAS (http://lncatlas.crg.eu/) based on relative concentration index (RCI), and the obtained lncRNAs located in the cytoplasm were retained for subsequence analysis. For the interest lncRNAs, their linked miRNAs and mRNAs in the global triple network were extracted and used to reconstruct the new subnetwork using Cytoscape software. To enhance the data's reliability, only lncRNAs and miRNAs that have meaningful survival curve (P<0.05) were retained. Thereafter, GO-KEGG intersection networks were reconstructed using Metascape (http://metascape.org).Terms with P-value <0.01, minimum count 3, and enrichment factor >1.5 were collected according to the Metascape's default parameters, and grouped into clusters based on their membership similarities.
Statistical analysis
For functional enrichment analysis conducted by Cytoscape plug-in ClueGo, the P-value was calculated with Fisher's exact test. For overall survival (OS) analysis, we calculated the survival rate with the Kaplan-Meier method, compared the survival curves in Log rank test. A P-value less than 0.05 was considered as statistically significance.
Results
Identifying DEmRNAs, DEmiRNAs, and DElncRNAs in KIRC To explore DEmRNAs, DEmiRNAs, and DElncRNAs in KIRC, R software with the "edgeR" package was used to compare the expression levels of mRNAs, miRNAs, and lncRNAs in KIRC with that in the normal tissue group. As a result, a total of 5758 DEmRNAs, 179 DEmiRNAs, and 4246 DElncRNAs were identified in KIRC, among which 3895 DEmRNAs, 117 DEmiRNAs, and 3116 DElncRNAs were upregulated, while 1863 DEmRNAs, 62 DEmiRNAs, and 1130 DElncRNAs were downregulated. The top 10 DEmRNAs with |log2FC| >3.0, DEmiRNAs with |log2FC| >3.0, and DElncRNAs with |log2FC| >3.0 are shown in Table 1 .
Construction of lncRNA-miRNA-mRNA network in KIRC Next, in an effort to construct lncRNA-miRNA-mRNA network in KIRC, the MREs of DElncRNAs were first explored, and then 399 of 4246 DElncRNAs were predicted by miRcode to share MREs mediating the binding of 26 DEmiRNAs. Importantly, several miRNAs such as hsa-miR-21, hsa-miR-155, hsa-miR-204, and hsa-miR-221, and lncRNAs such as MALAT1 and TCL6 have been previously reported to be highly associated with KIRC [20] [21] [22] [23] [24] [25] . Then, the possible mRNA targets of all 26 DEmiRNAs were searched using Perl software based on 3 databases of miRNAs (miRDB, miRTarBase, and TargetScan). According to the searching criteria described, a total of 7233 potential mRNA targets were found with each appearing at least in 2 different miRNAs databases. These mRNA targets were then Cytoscape, as an open source software platform, is widely employed to integrate any type of attribute data for visualizing complex networks. Thus, based on current information we received, the lncRNA-miRNA-mRNA network in KIRC was constructed and visualized using Cytoscape (Figure 1 ). The constructed lncRNA-miRNA-mRNA network was composed of 321 lncRNA nodes, 26 miRNA nodes, 1068 mRNA nodes, and 2313 edges. These nodes include 221 upregulated lncRNAs and 100 downregulated lncRNAs, 13 upregulated miRNAs and 13 downregulated miRNAs, and 599 upregulated mRNAs and 469 downregulated mRNAs.
Functional pathways revealed by GO enrichment analysis
To further unravel the functional pathways that the constructed lncRNA-miRNA-mRNA network in KIRC might involve, GO function enrichment analysis was carried out with FunRich software. Cellular component analysis indicated that proteins encoded by those DEmRNAs are mainly located in plasma membrane, integral to plasma membrane, or extracellular vesicular exosome (Figure 2A ). Their molecular functions involved in protein binding, protein homodimerization activity, receptor activity, etc. (Figure 2B ), which mainly participate in biological processes such as positive regulation of transcription from RNA polymerase II promoter, transcription from RNA polymerase II promoter, angiogenesis, etc. ( Figure 2C ). Since as a functional plug-in in Cytoscape, ClueGO can functionally annotate gene ontology as well as visualize pathway. Thus, the KEGG pathway enrichment analysis was conducted by ClueGO (kappa score threshold=0.4). As shown in Figure 2D and 2E, the top 5 pathways revealed by KEGG pathway enrichment analysis are mainly involved in the proteoglycans in cancer, cytokine-cytokine receptor interaction, Rap1 signaling pathway, calcium signaling pathway, and ascorbate and aldarate metabolism.
Identification of prognostic miRNAs and lncRNAs in KIRC
After a successful construction of lncRNA-miRNA-mRNA network in KIRC and recognition of functional pathways that the aforementioned network might involve, to further investigate the lncRNAs and miRNAs participating in the regulation of the development and progression of KIRC, the Kaplan-Meier survival analysis of DEmiRNAs and DElncRNAs in the network was carried out using R software with "survival" package. In a total of 26 DEmiRNAs analyzed, 5 of them were shown to significantly associate with patients' overall survival (OS, P<0.05). While higher expression of miR-204 was shown to correlate with favorable outcome of patients with KIRC; on the contrary, the expression levels of miR-21, miR-155, miR-221, and miR-223 were inversely correlated with patients' OS ( Figure 3A) . In terms of 321 DElncRNAs analyzed, there were 49 DElncRNAs which associated with not only the aforementioned 5 DEmiRNAs but also patients' OS (P<0.05). For example, as shown in Figure 3B , while the expression of some DElncRNAs such as MALAT1 exhibits inversely correlation with patients' OS, the expression of others such as ENTPD3-AS1, FGD5-AS1, LIFR-AS1, and UBAC2-AS1 exhibits positively correlation with patients' OS. Taken together, our results indicated that 49 DElncRNAs and their associated 5 DEmiRNAs might serve as prognostic biomarkers in KIRC Reconstruction of the functional lncRNA-miRNA-mRNA subnetwork in KIRC Since based on the ceRNA hypothesis, the competitive binding of target miRNAs by lncRNAs might mainly happen in cellular compartment of cytoplasm; thus, to reconstruct a more specific lncRNA-miRNA-mRNA subnetwork in KIRC, those identified prognostic DElncRNAs located in cytoplasm were sorted out first via analysis with lncATLAS. Among 49 DElncRNAs analyzed, 17 of them were excluded because they lacked localization data. In addition, 19 DElncRNAs located in nuclear and 5 DElncRNAs whose localization had no significant difference between the cytoplasm and nuclear were also excluded. Although 8 remaining DElncRNAs were all shown to locate in the cytoplasm, 4 of them (DIAP2-AS1, HULC, LINC00443, and PHEX-AS1) were still excluded because the localization could only be validated in one cell line. Ultimately, 4 DElncRNAs (ENTPD3-AS1, FGD5-AS1, LIFR-AS1, and UBAC2-AS1) whose cytoplasma location was verified in 9, 13, 5, and 12 different cell lines, respectively, were chosen for further investigation (Figure 4) . Interestingly, the expression of all 4 DElncRNAs was shown to be positively correlated with OS of patients with KIRC ( Figure 3B ).
Again, a more specific functional lncRNA-miRNA-mRNA subnetwork in KIRC was reconstructed based on 4 DElncRNAs located in the cytoplasm with the use of Cytoscape ( Figure 5A ). This newly reconstructed subnetwork was comprised of 4 lncRNA nodes, 4 miRNA nodes, 155 mRNA nodes, and 181 edges. Further analysis of these 155 mRNAs with Metascape revealed that the top 3 enriched terms are hsa00280 (valine, leucine and isoleucine degradation), hsa00650 (butanoate metabolism), and GO: 0006814 (sodium ion transport) with most significant log10 P-values being -6.03, -5.90, and -5.48, respectively ( Figure 5B ). Additionally, all other identified biological processes with a significant P-value were closely interrelated and largely reflected a change in the cytokine regulation and tissue development related pathways ( Figure 5C ). Top 20 clusters with their representative enriched terms were shown in Table 2 . 
Discussion
Over the past few years, great efforts have been made to explore the molecular mechanisms of KIRC and the focus of previous studies has been centered on protein-coding genes or miRNAs. However, accumulated data have shown that lncRNAs participate in a variety of biological processes in KIRC recently. Despite that, to our knowledge, limited studies have been conducted to predict the prognosis of KIRC, and no reliable specific lncRNAs have been identified as biomarkers for the detection and risk stratification of KIRC. Therefore, the identification of lncRNA biomarkers in KIRC is still poor characterized and poses a great challenge to clarify the functions of them.
According to the latest studies, researchers found an efficient and effective way to investigate the potential functions of lncRNAs by establishing relationship between interested lncRNAs and function annotated miRNAs/mRNAs. For instance, some methodical analysis of the ceRNA network has been performed in many cancers, such as pancreatic cancer, breast cancer, and lung cancer [27] [28] [29] . Thus, in an effort to find out the potential implications of lncRNAs for the diagnosis and prognosis of KIRC, investigate and examine the possible regulatory mechanisms and functional roles of lncRNAs as ceRNAs in the progression of KIRC are going to be crucial. In this study, we used the interactions data of KIRC from TCGA database to generate the co-expression competing triplet for the first time, which the lncRNA and mRNA sharing a common miRNA according to the ceRNA theory. This novel lncRNA-miRNA-mRNA ceRNA network of KIRC, which was comprised of 321 lncRNA nodes, 26 miRNA nodes, 1068 mRNA nodes, and 2313 edges.
Over the past decade, the enrichment of GO functional analysis and biological pathways (KEGG pathways) analysis were widely used to estimate and evaluate biological functions enriched among multiple coding genes [30] . In our present study, the results of some significant GO and pathway analysis on the 1068 mRNAs are involved in KIRC. GO terms such as angiogenesis, positive/negative regulation of transcription from RNA polymerase II promoter, and extracellular matrix organization, all of them have been reported in KIRC [31] [32] [33] . KEGG pathways such as proteoglycans in cancer, calcium signaling pathway, and rap1 signaling pathway, all of which have been shown to play important roles in KIRC [34] [35] [36] .
With increasing attention to the function roles of lncRNAs, several studies indicated that lncRNAs can improve the diagnosis and prognosis of some diseases, such as pancreatic ductal adenocarcinoma, acute myocardial infarction, and thyroid cancer [37] [38] [39] . However, the prognostic role of lncRNAs in KIRC has not been fully investigated. For the sake of discovering the appropriate lncRNAs, which can be served as potential novel biomarkers for clinical prognostic and treatment targets of KIRC, the OS analysis and location of lncRNAs were utilized. 
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In the nucleus, lncRNAs are mainly served as a regulator which affects chromosomal spatial conformation, transcription factor activity, and alternative splicing. In the cytoplasm, lncRNAs are predominantly affected mRNAs stability, translation regulation, and conducted ceRNA mechanism by adsorbing miRNAs [40] . In general, a lncRNA that located in the cytoplasm indicates that the lncRNA has very likely participated in ceRNA interaction. Additionally, OS analysis demonstrated a lncRNA which related to prognosis to a certain disease indicate that this specific lncRNA plays a significant role in this disease. In this study, 4 lncRNAs (ENTPD3-AS1, FGD5-AS1, LIFR-AS1, UBAC2-AS1) were selected as potential prognostic biomarkers for whose location was in the cytoplasm and closely related to OS of KIRC.
Recently, a similar study which committed discovering potential pathogenic biomarkers in KIRC based on Gene Expression Omnibus (GEO) database has been conducted by Wang et al. [41] . They used the "preprocessCore" package and found that HAPLN1, hsa-miR-204, and hsa-miR-218 might serve as potential biomarkers in KIRC. The sample size they used, however, was small in the profiles and verification, which might lead to the identified genes and miRNAs have greater specificity and less universality. Moreover, this study only made use of the mRNASeq and miRNASeq data, and there were no combinations with lncRNAs or other types of biological molecules. Conversely, our research has identified DElncRNAs, DEmiRNAs, and DEmRNAs based on TCGA database with larger sample size, and the lncRNA-miRNA-mRNA network in KIRC was constructed successfully. Furthermore, our ceRNA network findings and lncRNA location analysis pointed out that 4 lncRNAs (ENTPD3-AS1, FGD5-AS1, LIFR-AS1, and UBAC2-AS1) could serve as potential biomarker in KIRC. Due to the differences in data sources and methods used for data processing, there was no overlap between our research and Wang et al's study. GO -Gene Ontology; KEGG -Kyoto Encyclopedia of Genes and Genomes; Count -the number of input genes with membership in the given ontology term; % -the percentage of total input genes that are found in the given ontology term; Log10(P) -the P-value in log base 10; Log10(q) -the multi-test adjusted P-value in log base 10. Although these 4 lncRNAs have been seldom reported before, miRNAs and their target mRNAs, which interacted with these lncRNAs, have been known to be involved and play a vital role in KIRC. These findings indicated that these 4 lncRNAs might have a critical role in the development of KIRC, despite the contribution of these 4 lncRNAs to the progression of KIRC has not been fully clarified from the present studies. According to the lncRNA-miRNA-mRNA sub network, we speculated that these 4 lncRNAs might have a decisive role in altering the expression of the downstream KIRC related disease mRNAs through competitive interactions with miRNAs (miR-21, miR-155, miR-221, and miR-223). As support of our speculation, recent studies have demonstrated that these 4 miRNAs play crucial roles in the development of KIRC. For example, Vergho et al. reported that the expression of miR-21 was significantly upregulated and involved in KIRC tumorigenesis [42] . In addition, Nijhuis et al. demonstrated that miR-21 expression was upregulated in colorectal cancer and involved in amino acid metabolism, which has been reported have a momentous influence on cell growth and drug resistance [43] . Another study illustrated that overexpression of miR-221 promotes proliferation, migration and invasion by targeting TIMP2 in KIRC [22] . Moreover, recent studies have demonstrated that tumor cells have a reprogrammed metabolism compared with normal cells, and the nutrients consumed by cancer cells such as amino acid, which is required in various cancer subtypes and plays an important role in the whole process of cancer metabolism reprogram [44] . Based on the Metascape analysis, 2 metabolic changes (butanoate metabolism, valine, leucine, and isoleucine degradation) were observed in the top 20 clusters, all of them are involved in various cancers including kidney cancer. Other GO terms, such as cell-cell adhesion via plasma-membrane adhesion molecules and cellular response to growth factor stimulus, are related to KIRC as well. For instance, Nagata et al. reported that the expression of cell adhesion molecules CADM4 suppresses the tumor invasion both in vitro and in vivo, which might be through the regulation of invasion [45] . Additionally, further studies have demonstrated that cell-cell adhesion promotes the proliferation of tumor cells and enhance the expression of gene products related to tumor invasion, which is closely related to the tumor and metastasis [46] [47] [48] .
Conclusions
In this study, we re-established a lncRNA-miRNA-mRNA network, which for the first time enables a holistic view and comprehensive analysis of the lncRNA-associated ceRNA mediated genes in the development and progression of KIRC at a system-wide level. Our findings revealed that lncRNAs play indispensable roles in the development of KIRC. Our study further pointed out that 4 lncRNAs (ENTPD3-AS1, FGD5-AS1, LIFR-AS1, and UBAC2-AS1) could possibly be selected as key lncRNAs. This study will further our understanding of the pathogenesis of KIRC from the perspective of lncRNAs and highlight several novel lncRNAs as candidate prognostic biomarkers or potential therapeutic targets. Despite the results obtained in this study, there were certain limitations to this study with no verification experiments based on cells or tissues to confirm our results. Therefore, the biological functions and molecular mechanisms of these 4 specific lncRNAs in KIRC needed to be explored in the further studies.
